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The Urban Heat Island (UHI) effect is a function of excess heating of man-made
impermeable surfaces and structures. Using Landsat satellite imagery along with its
Thermal-Infrared (TIR) band, the UHI of Starkville, MS; Birmingham, AL; and Atlanta, GA
were analyzed. Unsupervised classification of the Landsat imagery and temperature
extraction from the TIR band revealed city size and amount of high-density urban land use
are directly related to UHI intensity and higher than average surface temperatures.
Vegetation analysis within the three study area cities, however, revealed an average surface
temperature reduction of 2 °C with only 15% forest coverage within a 1km2 area. Results
obtained can be useful as a potential monitoring tool that can characterize relationships
between amount and percentage of urban tree cover and surface temperature. The
information can be utilized by city planners and others who are interested in mitigating UHI
effects in the ever- increasing urban America.
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CHAPTER I
INTRODUCTION
Urban regions throughout the United States have grown rapidly since the early
1900’s as improved transportation and technology have allowed for major economic
expansion within metropolitan areas (Yuan et al., 2005). Dramatic increases in population,
in addition to urban expansion, have led to the emergence of major cities and associated
suburbs throughout the U.S. The population of the U.S. increased by over 97 million
people, nationwide, between 1950 and 1990, with urban populations rising by over 90
million (U.S. Census, 2006). According to Knox and McCarthy (2005), fundamental
attributes of urbanization include dense populations and structures within a given area.
Urbanization has provided people with convenient access to infrastructures such as facilities,
transportation, business, and education.
Urban areas, however, have been known to have negative connotations, as Knox and
McCarthy (2005) regard cities as “essential for economic development, but somehow
unnatural, dangerous, and corrupt.” The artificial aspect of urban expansion has
unfortunately altered the natural environment. The replacement of natural surface types
from soil and vegetation to impervious materials such as asphalt and concrete affect the
albedo, or the ratio of reflected to incoming electromagnetic radiation, and runoff
characteristics of the land surface (Lo and Quattrochi, 2003). In particular, changes in the
albedo and soil moisture content have a considerable impact on the land-atmosphere energy
1

exchange process. Asphalt pavements, for example, have a lower albedo than soil and
vegetation and absorb more solar energy, which increases air temperature and causes the
Urban Heat Island (UHI) Effect during the summer season. (EPA, 2009)
The UHI effect occurs when urbanized areas with man-made surfaces exhibit higher
temperatures than the surrounding rural areas with vegetated surfaces (Landsberg, 1981).
The effect is greatest at night when rural land cover tends to cool faster than urban areas.
Artificial surfaces, therefore, contain higher heat capacities and are able to retain heat for a
longer period of time (Roth et al., 1989; EPA, 2007). When compared to open surfaces in
rural areas, high-rise buildings are much less exposed to open air and contain more surface
area that is directly influenced by other surrounding warm building surfaces. The reduction
of open surfaces due to buildings in urban areas reduces the radiative loss of heat and results
in higher nocturnal temperatures than rural areas (Oke, 1987). The nocturnal temperatures
are proportionate to the level of urbanization.
With the combination of albedo, vegetative cover, moisture availability, and
anthropogenic heating such as vehicles and power plants, one of the main causes of the UHI
is the larger heat capacity of impervious urban surface materials with little evapotranspiration
capability (Myrup, 1996; Sailor, 1995). Rural surfaces containing vegetation are able to
evaporate surface water from solar radiation before directly heating the earth’s surface.
Highly urbanized areas, for example, contain skyscrapers and high rises and, therefore, these
areas tend to have more pronounced UHIs than less - urbanized areas, and higher
temperatures as compared to rural locations.
In this thesis, the impact of the amount of urban area and the proportion of
vegetative cover on the UHI effect was investigated using Landsat 7 ETM+ data for a small
2

city, Starkville (Mississippi), a large city, Birmingham (Alabama), and the very large city of
Atlanta (Georgia). For the relationship between urban areas and the UHI effect, surface
temperatures for the three different cities are compared. The relationship between the
proportion of vegetation coverage and the UHI effect was found using surface temperatures
for each different vegetative cover class and comparing the temperatures. Surface
temperatures were extracted from the Landsat 7 ETM+ TIR band through land-cover based
emissivity calculation. The results presented can be used as a tool for future UHI studies to
find the most suitable range of vegetation coverage, specifically forest coverage, necessary
for UHI mitigation purposes and future designs of urban development.
Investigation of the UHI in this thesis is organized by the following chapters:
Chapter I contains an introduction of the UHI as the topic of study and describes the
purpose of performing the UHI analysis. Chapter II provides a summary of the research
objectives and hypotheses covered to perform the UHI analysis. Chapter III provides
literature review and background information relevant to the study of the UHI, along with
previous heat island investigations through the use of ground measurements, GIS, and
remote sensing. Detailed information regarding the Landsat 7 platform and Landsat history
will also be discussed, along with remote sensing classification methods and ThermalInfrared (TIR) radiative transfer principles. Chapter III also describes various UHI
mitigation strategies that have been implemented around the U.S. and the benefits of the
associated mitigation. Chapter IV includes the methodology of the analysis, which includes
data acquisition of Landsat imagery, background information for the study areas, and the
process used to derive Landsat TIR temperature data. Chapter IV also includes the methods
used for classification of the Landsat imagery and rationale for the selection of 1 km x 1 km
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image subsets, or patches, within the imagery for heat island analysis. Chapter V contains
the results for the analysis, including unsupervised classification results with accuracies, TIR
temperatures of the study areas, and the extent of the UHI. Chapter V also contains results
regarding patch investigations comparing vegetation coverage based on image classification
and surface temperature, demonstrating the vegetation coverage range needed to
significantly reduce UHI effects. Finally, Chapter VI summarizes the analysis and presents
information about future studies that can be done to improve the methods used, along with
some of the applications where the results can be used, including urban planning and
mitigation techniques. Limitations of the study from methods used and overall limitations
of the project are also included. All references cited for this research are included following
Chapter VI.
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CHAPTER II
RESEARCH OBJECTIVES AND HYPOTHESES
The two main research questions of this thesis are the following:
1) What is the relationship between city size (area) and the surface temperature?
2) What is the relationship between vegetation cover and the surface temperature?
The primary objectives of this study are:
1) Assess the magnitude of the UHI effect for Starkville (Mississippi), Birmingham
(Alabama), and Atlanta (Georgia), which are three different cities of different
size. The heat islands can then be characterized by the proportion of impervious
surface within each city limit boundary.
2) Assess potential relationships between vegetated areas and surface temperature in
Starkville, Birmingham, and Atlanta.
The following hypotheses were tested in this study:
1) City size is directly related to the UHI intensity and surface temperature
throughout a city or community.
2) Vegetation cover is inversely related to the surface temperature in a linear
fashion. As vegetation cover percentage increases, the temperature decreases
linearly in a continuous nature.

5

CHAPTER III
BACKGROUND INFORMATION AND LITERATURE REVIEW

Background information applicable to this research regarding the Urban Heat Island
(UHI) and the use of in situ, or direct measurements, remote sensing, and GIS to measure
and quantify the Urban Heat Island Effect are examined in this chapter. Background of the
Landsat program, along with remote sensing principles and TIR radiative transfer principles
will also be discussed. Finally, mitigation techniques and methods used for the reduction of
the UHI will be discussed that can be applicable to this research. The review is designed
toward understanding the UHI phenomenon, reviewing previous UHI studies, UHI
measurement using Landsat remotely sensed data, and deriving Landsat TIR data.
Introduction to the Urban Heat Island Effect
According to the United Nations Population Fund (2008), the majority of the
world’s population for the first time in recorded history resided within urban areas in 2008.
The trend of increased urban growth throughout the United States has dramatically risen
over the past three decades. In 2006, the U.S. Census Bureau found that populations
residing within urban areas comprised over 75% of the total population (U.S. Census, 2006)
and was revised in 2007 to 81% of the total population by the United Nations Population
Division (UN Population Division, 2009). Figure 3.1 illustrates the comparison of the
percentage of urban population in the United States with the developing countries of China,
6

Nigeria, and India. Projections of urban populations to the year 2050 are also listed within
the figure.

Figure 3.1 Percentage of Population of Major World Countries Living in Urban Areas and
Projections of Urban Populations to the Year 2050.
Notes: Source: UN Population Division (2009).
According to the U.S. Census Bureau, an urban area is defined as densely settled
census blocks with populations of at least 2,500 people (U.S. Census, 2009). Urban areas
typically contain many manmade surfaces and structures. Impervious surfaces such as
buildings and roadways that are primarily within built-up urban areas are known to have
much higher heat storage capacities than natural and vegetated surfaces. According to
Asaeda and Vu (1996), various pavement materials such as concrete and asphalt are known
to emit an additional 150 W m-2 and 200 W m-2 of heat energy respectively, which
significantly affects air temperature near the ground. Lower albedo values of these surfaces
7

allow for more absorption of solar radiation, and this unnatural warming is the unintended
outcome of urban development (IAUC, 2009). The association of urban growth with manmade buildings and surfaces has led the United States Environmental Protection Agency to
term the unnatural heating of urban areas as the Urban Heat Island (UHI) effect (EPA,
2007). Figure 3.2 presents a typical rural to urban temperature profile. Urban heat islands
can be based on temperature differences that occur in the sub-surface, surface, and air,
which are interrelated, although the processes involved in their formation are different (Oke,
1995).

Figure 3.2 Typical Urban Heat Island Temperature Profile Across an
Urban Area.
Notes: Source: EPA (2009).
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Urban Heat Islands are normally studied in two types of urban layers: (1) Urban
Canopy Layer (UCL) and (2) Urban Boundary Layer (UBL). The UCL is located beneath
rooftop level and is produced by micro-scale processes operating in the streets or
(“canyons”) between the buildings. Surface temperatures are best used to define the UCL.
The UBL is above average rooftop level, and is a local to meso-scale phenomenon
influenced by the general nature of the urban surface. The UBL is best measured using air
temperatures between a rural and an urban station (Lo and Quattrochi, 2003). Surface
temperatures are often greatest by day while air temperatures are larger at night.
Impacts of the UHI to the Environment, Human Health, and Atmospheric
Processes
Impervious surfaces that contribute to the UHI are being studied more today than
ever before, in an effort to assess their impacts on the environment (Arnold Jr. and
Gibbons, 1996). Usually the impacts that major cities have on the environment are seen
sporadically, as associated with extreme climatic events. Flash floods, heat waves, and excess
pollution are great examples of when the impacts of major cities are realized due to their
unnatural urban surfaces and materials (Knox and McCarthy, 2005).
Reduced air quality is one aspect of urbanization, where the lowest air quality levels
exist during the summertime. Pollutants become trapped underneath an inversion, or
warmer air above the surface. The UHI effect has been linked to decreased air quality and
formation of ground level ozone (O3) (McNider et al., 1998; Lo and Quattrochi, 2003). The
ground level ozone is created by the reaction between nitrogen oxides (NOx) and volatile
organic compounds (VOC) in the presence of sunlight. NO and VOC emissions are
primarily due to fuel combustion from vehicles, chemical plants, and other industrial
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sources. Emissions are highly correlated with the amount of impervious surfaces such as
roads and industrial buildings (Chameides and Cowling, 1995; Lo and Quattrochi, 2003).
Increased amounts of impervious surfaces in urban areas increase the ground level ozone
that is a major health hazard. Repeated exposure to ozone pollution may cause damage to
the lungs, bronchitis, heart disease, emphysema, and asthma (Lo and Quattrochi, 2003).
Repeated days of intense heat during the warmest months can even lead to both mental and
physical stress, leading to increasing mortality rates among the sick and elderly (Knox and
McCarthy, 2005). In July 1995, approximately 525 fatalities occurred in Chicago, Illinois as a
result of heat stress (MMWR, 1995). The UHI has been implicated as a major factor in the
mortalities of the Chicago heat wave (Changnon et al., 1996).
The UHI effect has also been linked to altering atmospheric processes that are
related to certain meteorological conditions. Although urban areas tend to be dryer than
rural areas during the day because of large impervious surfaces, the warm urban center due
to the UHI at night creates relatively low air pressure that causes surface convergence on the
urban center from surrounding areas (Oke, 1987). The surface convergence on the urban
center with increased condensation nuclei due to pollution and instability due to urban
heating are possible causes of the increased precipitation (Huff and Changnon, 1972; Dixon,
2003). Dixon (2003) and Lo and Quattrochi (2003) correlated increased precipitation events
with the UHI of Atlanta, Georgia during the warm season months of May through
September. The artificial heating of urban surfaces was linked to possibly causing convective
development during early morning hours under a weak synoptic flow (Dixon, 2003). Rozoff
et al. (2003) found that precipitation totals were enhanced from the UHI by over 80mm
downwind of the city of St. Louis, Missouri using an atmospheric model. Shepherd et al.
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(2002) also found increased rainfall 30-60km downwind of the major metropolitan areas of
Atlanta, Georgia; Montgomery, Alabama; Nashville, Tennessee; Waco, Texas; San Antonio,
Texas; and Dallas, Texas. Monthly measured rainfall was increased by an average of 28% in
Shepherd’s study that used observations from the TRMM satellite.
Impacts of the UHI based on these studies magnify the importance of understanding
the trends of surface temperatures within urban areas. Predictions of the UHI can then be
made for forecasting impacts on human health and the environment. Previous studies that
have been performed using ground based measurements and remotely-sensed measurements
have given the scientific community valuable information about the trends of the UHI.
Relationships to population amount and city size, along with the type of material on the
ground and their impact on the UHI are covered. The importance of understanding
relationships between the land use and land cover type and the UHI are extremely important
for the reduction of the UHI and impacts to humans and the environment.
UHI Research History and Previous UHI Studies
Studies on the UHI date back into the 19th Century. Examination of London’s
climate by Luke Howard (1833) sparked curiosity in the research of the UHI. One of the
first modern UHI studies occurred in 1973 by T.R. Oke. Oke, (1973) related the size of city
and population to the UHI magnitude. Through the use of in situ, or direct measurements of
the environment, an automobile traverse through major cities and small communities
throughout Quebec, Canada was utilized to obtain measurements from a wind-shielded
thermistor attached to one side of the automobile (Oke, 1973). Oke was able to document
and create a model that presented evidence that city size was directly related to the
11

magnitude of the UHI of that particular city. Studies featuring in situ measurements have
also been applied to small cities. In Chapel Hill, North Carolina, Kopec (1970) found the
existence of a heat island based on ground temperature data. In Portugal, Pinho and Orgaz
(2000) found that an UHI existed in a small coastal town. Measurements such as these,
however, lack consistency and are not representative of an entire city or community due to a
lack of regional-scale temperature data. Fortunately, with the advent of space technology in
the 1970s, the growth of earth monitoring satellites created an opportunity to study the UHI
over larger areas.
Landsat Satellites
Remote Sensing is defined as the art, science, and technology of obtaining reliable
information about physical objects and the environment, through the process of recording,
measuring and interpreting imagery derived from non-contact sensors (Colwell, 1997).
Remote sensing technology improvements and analysis capabilities began to grow quickly in
the 1970s. With this new technology came the opportunity to analyze features on the
Earth’s surface from orbit in space. Years of work to develop a long-term project for earth
surface and resource monitoring came to fruition, with the launch of the Earth Resources
Technology Satellite (ERTS-1) in 1972, which was later named Landsat-1 (USGS, 1996).
Landsat 2 was launched three years later.
In the late 1970s, Thermal-Infrared (TIR) data became a reality, and this data was
utilized with the launch of Landsat 3. Continuing the mission of Landsat 2 that was
launched in 1975, Landsat 3 contained an extra feature, which was the TIR band, which
measured wavelengths from 10.4 to 12.6 microns. The new TIR band allowed for thermal
12

imagery of the earth’s surface at a resolution of 240 meters (USGS, 2009). The first three
Landsat satellites were able to acquire over 800,000 quality images of the earth, and this
created the opportunity for remote sensing to rapidly increase in popularity (Short, 1982).
The next generation of Landsat satellites began with the Landsat-4 Thematic Mapper
(TM), which was launched in 1982 (USGS, 2009). The new TM scanner, capable of
recording seven bandwidths with a resolution of 30 meters, and a TIR band with a
resolution of 120 meters, resulted in greatly improved image quality. Landsat 5, which had
identical spatial and spectral specifications to Landsat 4, was launched two years later. The
final improvement to the Landsat satellites came with the introduction of the Enhanced
Thematic Mapper (ETM+) with greater spatial resolution of the TIR band of 60 meters and
the inclusion of a 15 meter panchromatic band (USGS, 2009). Landsat 6, which was the first
platform with this technology, was unfortunately lost due to a malfunction of the launch
vehicle in 1993. However, Landsat 7 was launched successfully in 1999 with the ETM+
scanner, and was the last Landsat satellite to be launched (USGS, 2009). Figure 3.3 and
Table 3.1 present the history of the Landsat program and the band wavelengths and
resolutions for each platform.

13
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History and Timeline of the Landsat Satellite
Program.

Notes: Source: NASA (2009)

Table 3.1 Bandwidths and Associated Resolutions for the
Landsat Satellites.

Notes: Source: USGS (2009)

Figure 3.3

Images from Landsat 5 and Landsat 7, the only Landsat satellites currently operating,
are being used repeatedly for UHI analysis because of their availability and medium-range
resolution. Unfortunately, the usefulness of Landsat 7 is limited due to a sensor malfunction
that occurred in 2003 with the scan line corrector, which allows the data to be acquired
without gaps due to the forward motion of the sensor (NASA, 2009). Landsat 5 data
continue to be used today, almost 20 years after the expected life of the platform, and have
been used for valuable UHI studies throughout the past two decades. Since January 9, 2009,
Landsat data have not only become affordable, they are now offered free of charge from the
U.S. Geological Survey (USGS, 2009). The opportunity for remote sensing of the UHI has
now become a reality for a wider group of scientists. Landsat data streams may be
continuing into the future with the declaration in 2002 of the Landsat Data Continuity
Mission (LDCM) (USGS, 2009). A new satellite, expected to be launched in late 2012, has
the potential to continue the life of the Landsat program into the near future.
Remote Sensing of the UHI with Landsat and Other Sensors
The first UHI investigation through the use of remote sensing was reported by Rao
(1972). He found that cities could be identified on the surface through the use of thermalinfrared remote sensing. Price (1979) then identified the UHI of New York through the first
NASA satellite, which was named the Heat Capacity Mapping Mission (HCMM). In the
1980s, satellite imagery improved as new technology allowed for enhanced spectral
resolutions, and improvement has continued throughout the 1990s into the 21st century.
Digital image processing techniques have also been developed using certain algorithms to
extract vegetation, temperature, and land cover data (Jensen, 2005).
15

A review of the studies that utilized satellite imagery and image processing
techniques for investigation of urban climates from 1998 to 2002 was presented by Voogt
and Oke (2003). The paper included procedures and a wide range of methods that need to
be followed for the analysis of heat islands using the associated satellite imagery. Several
remote sensing platforms were used to obtain a wide variety of information, such as image
classification, vegetation indices, 3-Dimensional representations of urban temperatures, and
air quality assessment. Gallo et al. (1993) presented a study that compared the UHI effect
with the Normalized Difference Vegetation Index (NDVI). Results presented within the
investigation revealed that the NDVI was negatively correlated with heat island intensity, and
the NDVI has been widely used to determine areas of maximum and minimum heat island
intensity within large cities ever since (Gallo et al., 1993). Quattrochi and Luvall (1997)
studied the UHI using satellite imagery, high resolution Advanced Thermal and Land
Application Sensor (ATLAS) photography and thermal imagery, and also Geographic
Information Systems (GIS) to analyze the Land Use and Land Cover (LULC) and surface
features that affected the heat island. The paper describes the implementation of a model to
predict areas of the greatest surface temperature difference based on LULC maps. Land use
classes with the greatest temperatures included commercial and industrial buildings
(Quattrochi and Luvall, 1997).
Studies that involved the use of the Landsat Thermal-Infrared (TIR) band concluded
that it is possible to accurately map surface temperatures that correspond well with ambient
air temperatures (Nichol, 1994; Kawashima et al, 2000). Nichol (1994) found that surface
temperatures from Landsat TIR data are very similar to measured air temperatures on the
island of Singapore. Kawashima et al. (2000) have discovered that surface temperatures
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extracted from Landsat TM data alone explained 80 percent of the observed variation in air
temperature during winter nights in Kanto Plain, Japan. The correlation of weather station
temperatures with Landsat TM data confirms the ability of Landsat data for urban
microclimate monitoring (Nichol, 1994).
Previous UHI studies in the United States that used remote sensing have included
only large regions around major cities (Quattrochi and Luvall, 2003; Xian and Crane, 2006).
Recently, however, remote sensing has been used to study small-scale heat islands and to
investigate the relationships of the UHI on a community-wide level. Aniello et al (1995)
discovered micro-UHIs throughout small suburbs in Dallas, Texas utilizing unsupervised
classification to extract tree cover information. TIR data was combined with the
classification to find locations of wooded areas as compared to non-wooded areas and the
relationship to surface temperatures. Gluch et al. (2005) studied the community-level heat
islands of Salt-Lake City, UT using both Landsat ETM+ data and high spatial resolution
ATLAS data. Results indicated that the thermal response at the community-level was
consistent with the amount of impervious surface present, and presented the potential for
more use of Landsat data for UHI investigations at the community-level (Gluch et al., 2005).
Singh and Bajwa (2007) analyzed Landsat ETM+ data and found that over a ten year period
in northwestern Arkansas, high-density urban areas increased by over four percent, leading
to an increase in temperature of over 12º C.
UHI studies performed by Weng et al. (2004) in Indianapolis, Indiana utilized
temperature transects to determine the spatial relationships of the UHI throughout different
directions in the city. The transects were used to determine the spatial pattern of different

17

land cover classes. Building and population densities could also be found to determine the
thermal landscape of the city in different directions (Weng et al., 2004)
The study of UHI effects using satellite imagery continues to progress rapidly, as
more techniques for identifying the phenomenon arise. New methods performed for better
classification accuracy for UHI analysis, such as Spectral Mixture Analysis (SMA), have been
performed for several major cities throughout the United States (Yang and Lo, 2002 ; Wu,
2004 ; Lu and Weng, 2006 ; Yuan and Bauer, 2007). Yuan and Bauer (2007) performed a
change analysis for Minneapolis and St. Paul, Minnesota that calculated the percentage of
impervious surfaces using the SMA technique to better analyze surface UHIs as opposed to
using the NDVI.
These previous studies illustrate the fact that Landsat data are a viable and
affordable data source to accurately analyze trends in UHI effects within large cities and
small communities. Reviewing the implementation of general remotely-sensed image
processing techniques is a fundamental first step to temporal change analysis and for the
analysis of the UHI. Image classification and temperature extraction fundamentals provide
guidelines for analyzing Landsat data for UHI effects in this study.
Unsupervised Classification
Unsupervised classification techniques employ algorithms that search for natural
groupings of spectral properties throughout the pixels of a satellite image, and uses a priori,
or prior knowledge, specification of a certain number of spectral classes (Jensen, 2005). The
classes are then labeled by the analyst based on prior knowledge or experience. The most
popular unsupervised classification method used is the ISODATA classification algorithm
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(Jensen, 2005). The ISODATA algorithm utilizes a self-organizing technique that requires
little user input, and does not require training data (Jensen, 2005). The unsupervised
classification technique has been used in numerous remote sensing investigations over the
past twenty years and continues to be used today for simple, but accurate land use and land
cover classifications. Recent studies by Angel et al. (2005) demonstrate the usefulness of
using ISODATA classification to assess global urban expansion across the world. Lo and
Choi (2004) demonstrated the utility of the ISODATA classification algorithm to perform as
well as or more accurately than other traditional classification approaches, which includes
supervised maximum likelihood. The results of unsupervised ISODATA classification are
therefore an accurate means of analyzing the effects of vegetation coverage on the UHI.
Thermal-Infrared Radiation Principles and Radiative Transfer
Following satellite imagery ISODATA classification techniques, processing of the
surface temperature requires understanding of TIR radiation principles of the atmosphere
and the surface. To achieve the goal of TIR remote sensing, which is to have the recorded
temperature equal to the true temperature (Jensen, 2007) these TIR radiation laws must be
applied. To derive an accurate surface temperature image from the TIR band, emissivities of
LULC classes found from ISODATA classification should be used to ensure that the surface
temperatures are not underestimated (Torgersen et al., 2001). Emissivities are used to
present the ratio between the actual radiance emitted by a selectively radiating blackbody, or
LULC class, and a blackbody at the same temperature (Jensen, 2007). A blackbody, which is
a theoretical surface that absorbs and emits radiation at the maximum possible rate, is used
as reference criteria for surface feature comparison (Jensen, 2007). No objects are truly
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blackbodies, and therefore, the Stefan-Boltzman Law and Wein’s Displacement Law must be
applied that calculate the radiance properties of a surface (Jensen, 2007). If it can be known
or assumed how parts of a surface depart from blackbody behavior (emittance), a map of
radiant temperatures can then be made (Adams and Gillespie, 2006).
The Stefan-Boltzman Law assumes that the total spectral radiant exitance (Mb)
measured in Watts/m2 is proportional to the fourth power of its temperature (T)

Mb = ıT4

(3.1)

where ı is the Stefan-Boltzmann constant equaling 5.6697 x 10-8 W m-2 K-4, and T is
temperature in degrees Kelvin (Jensen, 2007). The total radiation emitted is the area under
the blackbody radiation curve. As the temperature increases, the total amount of radiant
energy increases (Jensen, 2007). To determine the dominant wavelength of a surface, Wein’s
Displacement Law states that the temperature of a surface is related to the wavelength
emitted by that surface. Finally, emissivity (ƥ) is calculated using Equation 3.2, which
computes the ratio of the actual radiance calculated of the selected surface (Mr) (selectively
radiating blackbody) to a blackbody of the same temperature (Mb)(Jensen, 2007).

ƥ=

Mr
Mb

(3-2)

Emissivity must be known in order to associate temperature values with measured
thermal energy that is radiated by an object (Artis and Carnahan, 1982). For most infrared
remote sensing applications, the surface contribution is low due to small atmospheric
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emission and large emissivity (Laws, 2002). Emissivity is an important thermal variable to
use to determine the apparent temperature, which is the temperature measured by the
remote sensor. Several factors can influence the emissivity values, such as color, chemical
composition, surface roughness, and moisture content (Jensen, 2007).
To take emissivity into account when kinetic temperature is measured, Kirchoff’s
Radiation Law is utilized. Kirchoff’s Law states that the spectral emissivity of an object
generally equals its spectral absorptance (Jensen, 2007). Since the surface does not lose any
energy to transmittance, all energy that leaves an object must be accounted for by the
relationship between reflectance (rƫ) and emissivity (ƥƫ). All of the prior thermal properties
are taken into account while investigating the UHI for this study by integrating surface
emissivity values with the LULC classification.
Previous studies, such as Artis and Carnahan (1982) used aerial thermogram images
to determine the range of emissivity values of urban surfaces. The emissivity values were
found to be consistent with ground-based temperature measurements. Lo and Quattrochi
(2003) used previously recorded emissivity values for surface temperature mapping, instead
of using a unity emissivity that utilizes blackbody temperatures.
UHI Mitigation Strategies
Remotely sensed imagery used for the analysis of surface temperatures and
vegetation coverage based on LULC classification can be extremely helpful in developing
mitigation strategies to combat the UHI effects throughout major cities. Many large cities
throughout the U.S. such as Atlanta, Georgia; Chicago, Illinois; and Los Angeles, California
have begun to implement mitigation strategies for the reduction of the UHI in an effort to
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save energy and reduce temperatures (U.S. EPA, 2009). One strategy that has been utilized
and considered is the use of high-albedo pavements and materials on rooftops. Akbari
(2005) studied the benefits that cool rooftops could have on energy savings. His study
found that if cool rooftops were used throughout the entire U.S., that there would be a
decrease in peak electrical demand of 7GW, or 2.5% of the total power consumption of the
U.S. Akbari also studied different cities across the nation and calculated the savings that
could be achieved based on roof area, building type, and location of the city. Installations of
cool pavements in place of low-albedo asphalt pavements have also shown a significant
energy savings potential. Simulations for the City of Los Angeles have shown that an energy
savings of up to $71 million/year can be achieved through the installation of lighter colored
pavement materials (Akbari, 2005).
Another mitigation strategy that has been widely accepted throughout urban areas is
the replacement of impervious surfaces with natural vegetation, such as grass and trees.
Shashua-Bar and Hoffman (2000) studied the cooling effect of small urban green wooded
sites in Tel-Aviv, Israel and found a noticeable cooling effect at least 100 meters from the
vegetated site. Akbari (2002) studied the affects that trees planted in urban areas can have
on the overall heat balance of a city and the associated benefits of urban tree canopy
coverage. He estimated the urban energy savings in five U.S. cities: Los Angeles, CA;
Chicago, IL; Houston, TX; Sacramento, CA; Salt Lake City, UT, and Baton Rouge, LA. In
the southeastern U.S. city of Baton Rouge, an average of four shade trees per house can lead
to reduced ambient temperatures of 0.8 K and 4-5ppb reduction in ozone concentration
(Akbari, 2002). Tree cover consisted of trees with a top view cross section of 50 meters
squared. The decrease in ozone concentrations can lead to the reduction of smog, by
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slowing the smog formation process and absorbing NO2, which is a main ingredient to
ozone formation. Urban forest planting has been researched throughout select cities in the
southeastern U.S., including Atlanta, Georgia, and Montgomery, Alabama.
Urban forest planting for UHI effects has been studied throughout select cities in the
southeastern U.S., including Atlanta, Georgia, and Montgomery, Alabama to determine the
benefits of decreased temperatures and improved environmental conditions. An important
example of urban forest planting exists in the City of Montgomery, Alabama, about 90 miles
south of Birmingham, which is one of the cities used for analysis in this study. Due to major
urbanization that has occurred, areas of urban forest have decreased by 6.1 percent
according to classification of Landsat 5 imagery (USFS, 2004). To protect the existing urban
forest from further degredation and make plans for future forest planting, the city
implemented the City of Montgomery’s Comprehensive Urban Forestry Plan in 2002. The
plan was designed to “incorporate, manage, and protect trees as a component of the city’s
infrastructure” (USFS, 2004). The importance of the study includes the fact that not only
would urban forest planting reduce surface temperatures, it would reduce storm water
runoff, increase water quality, and improve air quality (USFS, 2004). The findings used in
the study were designed to be used for city planning purposes and driven towards
implementation in new developments.
The previous study performed in Montgomery, Alabama compares with the study
performed in this thesis through the use of Landsat data to determine tree canopy coverage
and the effects of the tree canopy coverage on the surface temperature in a southeastern U.S.
city. Although the total tree canopy coverage is analyzed, the effects of small-scale tree
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canopy coverage on the surface temperature are not covered, nor are the relationships of the
surface temperature throughout the city limit area, which have been analyzed in this thesis.
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CHAPTER IV
MATERIALS AND METHODS
The relationship between city size, vegetation coverage, and surface temperature of
the UHI is analyzed and investigated in this thesis. Preprocessing of satellite data is
important for accurate results. Classification of satellite imagery and correct derivation of
surface temperatures allow for a multi-scale measurement of UHI conditions. This analysis
will describe trends that relate the impact of vegetation coverage to the overall temperature
budget within an urban area.
Study Area
Three cities throughout the southeastern United States are utilized in this study. The
small town of Starkville, Mississippi, the large city of Birmingham, Alabama, and the major
city of Atlanta Georgia were selected for multi-scale UHI investigations. Vast differences
exist throughout each city in respect to population, and elevation. According to the United
States Census Bureau (2009), population estimates in 2007 were 23,856 for Starkville,
229,800 for Birmingham, and 519,145 for Atlanta. The climate regimes for each city,
however, are very similar, with each city belonging to the temperate, without dry season, hot
summer climate, or Cfa in the Köppen Climate Classification System (Peel et al. 2007).
Elevations vary considerably from west to east, as each city lies within its own physiographic
region, and the physiographic regions vary considerably in both elevation and degree of
landscape dissection.
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The City of Starkville lies within the Blackland Prairie of Mississippi, with generally
flat terrain and low elevations ranging from 200-300 feet (Stewart, 2003). Birmingham,
Alabama lies within the Tennessee Valley and Ridge region, with tall ridges and valleys
surrounding the city (Neilson, 2007). Elevations range from 630 feet within the city to well
over 1,000 feet in ridges just to the east. Atlanta, Georgia lies in the Piedmont, with
elevations ranging from 700 to 1000 feet (Digital Library of Georgia, 2009).
The UHI analysis was performed in September for each site and normal
temperatures are not considerably different among the three sites during the month of
September. Normal temperatures for each city for the month of September were 85.3 ºF,
84.6 ºF, and 82.3 ºF for Starkville, Birmingham, and Atlanta, respectively (NCDC, 2002).
Precipitation normals for each site for the month of September were 3.48 inches in
Starkville, 4.05 inches in Birmingham, and 4.09 inches in Atlanta (NCDC, 2002). Based on
similar climatic conditions throughout all three study areas, an accurate analysis of the UHI
could be made between each city without uncontrolled variance from differing climatic
conditions.
Data Acquisition
Landsat Satellite Data
Landsat-7 ETM+ satellite data were utilized for this study. Three Landsat-7 ETM+
images were downloaded for Path 22, Row 37 (East Mississippi), Path 20, Row 37 (Central
Alabama), and Path 19, Row 37 (West Georgia). The image for Path 20, Row 37, taken on
September 10, 1999 in Central Alabama was downloaded from the University of Maryland
Global Land Cover Facility (http://glcf.umiacs.umd.edu/index.shtml), along with the image
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for Path 22, Row 37 (East Mississippi). The image for Path 19, Row 37 (Atlanta) was
downloaded from USGS and the Global Visualization Viewer. (http://glovis.usgs.gov). The
Mississippi image was acquired on September 17, 1999 and the Georgia image was acquired
on September 10, 1999. Table 4.1 lists the satellite images acquired for the UHI analysis
with image acquisition dates, Path and Row locations, and the source of the data. Figure 4.1
includes the three study area cities and associated satellite imagery that were gathered for the
UHI analysis. City limit subsets from Landsat ETM+ data are also shown with scale bars to
depict the different size of each city.
Table 4.1 Satellite Imagery Acquired for Each Study Area City for UHI
Analysis.
Study Area
Starkville, MS

Image Date Path/Row
9/17/2000

22/37

Birmingham, AL 9/17/1999

20/37

Atlanta, GA

9/10/1999

19/37
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Platform
Landsat 7
ETM+
Landsat 7
ETM+
Landsat 7
ETM+

Source

Figure 4.1 Study Area Cities of Starkville (Mississippi), Birmingham (Alabama), and Atlanta
(Georgia) and Associated Landsat-7 ETM+ Imagery for UHI Analysis.
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Reference Data
Aerial imagery used for reference data for accuracy assessment of the LULC
classification throughout the study area cities were obtained through various sources.
Imagery were gathered based on data availability and date closest to the satellite image
acquisition date to reduce variance for accuracy assessment of classification.
Reference data gathered for the Starkville, Mississippi study area consisted of a 1996
Color-Infrared (CIR) National Aerial Photography Program (NAPP) image of Oktibbeha
County, Mississippi and a 2004 National Agriculture Imagery Program (NAIP) true color
image. The NAPP image contained a resolution of three meters, and was obtained from the
Mississippi Automated Resource Information System (MARIS). The NAIP image contained
a resolution of one meter and was obtained through the U.S. Department of Agriculture
Geospatial Data Gateway. Both images were used interchangeably to determine the
accuracy of the LULC data of the Landsat image acquired in 2000.
The Birmingham, Alabama study area reference data consisted of 1996 black and
white Digital Ortho Quarter Quads (DOQQs) and 2006 NAIP true color imagery. The
1996 DOQQs contained resolutions of 1 meter and were obtained from the U.S. Geological
Survey Global Visualization Viewer (GLOVIS), and the Alabama State Water Program. The
NAIP image contained a resolution of one meter and was obtained from the USDA
Geospatial Data Gateway. Both sources of data were used interchangeably to determine the
accuracy of the Landsat land use and land cover data acquired in 1999.
Reference data gathered for the Atlanta, Georgia study area consisted of 1996
Natural Resources Conservation Service (NRCS) CIR aerial imagery and 2005 NAIP true
color imagery. The 1996 NRCS images contained a resolution of 3 meters and were
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obtained from the USDA Geospatial Data Gateway. The NAIP images contained a
resolution of 1 meter and were also acquired from the USDA Geospatial Data Gateway.
Following the same methods of the previous two cities, both reference data sources were
used to assess the accuracy of the LULC classification from the 1999 Landsat image. Table
4.2 lists all reference data that were gathered for each study area city, the date that the data
were gathered in the field, and the spatial and spectral properties of the reference data.
Table 4.2 Reference Data Used for Accuracy Assessment of Landsat Satellite Imagery for
Each Study Area City.
Reference
Data Type
NAPP
Imagery

Date of
Acquisition

Spectral
Properties

Resolution

Source

Study Area
Used

1996

CIR

3 meter

MARIS

Starkville, MS

NAIP

2004

True Color

1 meter

Starkville, MS
AL
St.Water
Prog./

DOQQs

1996

Black &
White

1 meter

Birmingham,
AL

NAIP

2006

True Color

1 meter

Birmingham,
AL

NRCS

1996

CIR

3 meter

Atlanta, GA

NAIP

2005

True Color

1 meter

Atlanta, GA

GIS Data Acquisition
GIS polygon layers for each of the study area cities were acquired for the local scale
analysis and for the subsetting of the satellite imagery. Mississippi GIS polygon layer city
limit boundaries were acquired from the Mississippi Automated Resource Information
System (MARIS) for Oktibbeha County and Starkville. GIS polygon layers for the
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Birmingham and Atlanta metropolitan areas were obtained from the U.S. Census Bureau
Tiger File database (http://www.census.gov/geo/www/tiger/).
Weather Station Data
An accurate representation of the surface meteorological conditions before and
during image acquisition helps to characterize the impacts that meteorological conditions
might have had on the thermal information of the satellite data. Weather station data were
utilized to describe the exact ground conditions at specific sites in and around the study
areas. Hourly observations were acquired from the NCDC (www.ncdc.noaa.gov) for
Automated Surface Observing System (ASOS) sites. The normal weather conditions for the
image acquisition day were compared to the actual observations to determine the departure
from normal. Also, any precipitation that occurred prior to image acquisition was noted.
Image Preprocessing
To extract useful information from the Landsat 5 and Landsat 7 imagery,
preprocessing must be performed to determine reliable land use and land cover statistics,
and reliable surface temperature data from the TIR band. Due to the purpose of the
investigation, which is to investigate the relationships between city size and vegetation
coverage on the UHI effect, the use of unsupervised classification and temperature
extraction will be utilized. Atmospheric correction is therefore unnecessary, due to the
individual analysis and temperature extraction of each separate satellite image individually
(Singh, 1989). All satellite imagery was subset to each respective study area. Landsat-7
imagery was subset using city limit boundaries of each study area city. All image processing
was performed using ERDAS Imagine® image processing software.
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Unsupervised Classification
Subsetted study areas were classified to land use and land cover types using the
unsupervised ISODATA classification algorithm. Each satellite image was classified into
100 clusters. A large number of clusters minimizes class confusion within the different land
cover classes. Classification was aided by visually comparing the original satellite image
displayed in CIR, along with aerial imagery obtained near the same time period as the
Landsat image for reference information. Also, feature space plots were created using the
red band for the x axis and NIR band for the y axis for the original image and used to
determine the spectral properties of the different LULC clusters. Signatures consisting of
urban coverage, vegetation, or wet areas could be easily identified through the use of the
feature space image, which plots values of NIR wavelengths with red wavelengths. The
Normalized Difference Vegetation Index (NDVI) was also used to determine the amount of
green biomass within each unsupervised cluster. All sources of reference data and these
transformations were utilized to increase classification accuracy through visual inspection of
classification results.
The 100 cluster classified image was recoded into eight land use and land cover
classes, chosen specifically for the study. Classes were chosen based on previous work done
by Lo and Quattrochi (2003) and Lo and Choi (2004) for the purpose of analyzing land use
and land cover change and the analysis of the UHI. The following eight classes of land
use/cover were utilized, using the criteria in Table 4.3: (1) High-Density Urban; (2) LowDensity Urban; (3) Cultivated and Exposed Land; (4) Crops and Grass; (5) Evergreen forest;
(6) Mixed forest; (7) Deciduous forest; and (8) Water.
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Table 4.3 Land Use and Land Cover Classes and Definitions Used in the UHI Analysis.
1. High-Density Urban
(HDU)
2. Low-Density Urban
(LDU)
3. Cultivated and
Exposed Land
(CEL)
4. Crops and Grass
(CG)
5. Evergreen Forest
(Ever)
6. Mixed Forest
(Mixed)
7. Deciduous Forest
(Dec)
8. Water

Approximately 80-100% impervious surface, including
asphalt and concrete; industrial buildings, large commercial
structures; airports; multi-lane divided highways.
Approximately 50-80% impervious surface, residential
developments, subdivision neighborhoods; local roads;
vegetation up to 20%.
Areas of very low vegetation coverage (<20%) likely to be
converted to other land coverage that includes clearcuts; rock
quarries, cultivated cropland with no crops, and bare rock.
High percentages of grasslands, brushlands, and agricultural
crops; golf courses and city parks.
Tree coverage consisting of green vegetation year round;
coniferous evergreen forests from 90-100%.
Tree coverage consisting of coniferous and deciduous species
from 90-100%.
Tree coverage consisting of perennial vegetation from 90100%.
All areas of water, including lakes, ponds, rivers and streams.

Notes: Modified from Lo and Choi, (2004).
Following classification, the accuracy of the classification was calculated. To ensure
that all areas of the classification were equally sampled, stratified random sampling was
utilized. Thirty points were randomly generated throughout each class to equally sample the
LULC classification for testing of the correct LULC class. Aerial photography was utilized
to aid in the accuracy assessment process and determination of classes by visual
interpretation of the aerial imagery. 240 points for each satellite image were analyzed, and
accuracy was determined based on the aerial imagery points and compared with the original
satellite imagery. Total accuracy was then found for each class, along with Kappa Statistics,
user’s accuracy, and producer’s accuracy.
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Temperature Extraction
Landsat TM/ETM’s band 6 is a thermal-infrared (TIR) band that has been
commonly used for surface temperature mapping (Nichol, 1994; Lo and Quattrochi, 2003).
To understand the surface thermal characteristics within the study area and the UHI,
extraction of the surface temperature from the TIR band was performed, using the
properties of thermal emission and radiative transfer for the extraction. The extraction of
surface temperature from the TIR band involves first the conversion of the digital number
(DN) of the thermal image to at-satellite radiance values using Equation 4-1 (NASA, 2008).

LO

(( LMax  LMin) / 255 * DN )  LMin

(4-1)

where LO is spectral radiance, which is the amount of light that passes through or is emitted
from a particular surface, at the sensor’s aperture. The unit for spectral radiance is W/(m2 •
sr • Ƭm). LMax = 17.04 and LMin = 0.0. LMax and LMin are the spectral radiances for
the Landsat ETM+ TIR band at digital numbers 0 or 1 and 255, respectively. DN is the
digital number in 8-bit encoding (0 to 255).
The spectral radiance can be converted to the effective at-satellite temperatures using
Equation 4-2 (NASA, 2008).

T (K )

K2
K1
ln( )  1
LO
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(4-2)

LO is the spectral radiance derived from Equation 4-1. K1 and K2 are calibration constants 1
and 2 for the Landsat ETM+ TIR band from Table 4.4, respectively. T(K) is the effective atsatellite temperature in Kelvin.
Table 4.4 Landsat ETM+ and TM Thermal Band Calibration Constants
Sensor

Constant 1 (K1)
W/(m2 • sr • Ƭm)

Constant 2 (K2)
Kelvin (K)

Landsat 7 (ETM+)

666.09

1282.71

Landsat 5 (TM)
Notes: Source: NASA (2008)

607.76

1260.56

However, the effective at-satellite temperature assumes unity emissivity and needs to
be corrected for emissivities of LULC types to produce the final surface temperature map
(Artis and Carnahan 1982; Lo and Quattrochi, 2003). Temperatures are derived using
Equation 4-3 (NASA, 2008).

Ts

T
OT
1  ( ) * ln e
a

(4-3)

Ts is the surface temperature in Kelvin (K), T is the blackbody temperatures or the
effective at-satellite temperature in Kelvin (K), ƫ is the wavelength (11.45Ƭm) of emitted
radiance in meters, a = hc/K (1.438*10-2mK) where h = Planck’s constant (6.26* 10-34J·sec),
K is the Stefan Bolzmann constant (1.38* 10-23J/K), c is the velocity of light (2.998*
108m/sec), and e is emissivity. The emissivity values of different LULC types modified from
Lo and Quattrochi (2003) are in Table 4.5.
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Table 4.5 Emissivities for Land-Cover Types from Landsat ETM+ and TM Thermal
Imagery in the 8 to 14Ƭm range.
Land Use and Land Cover Categories

Emissivity

High-Density Urban

0.94

Lo-Density Urban

0.95

Exposed Land

0.92

Cropland and Grassland

0.97

Evergreen Forest

0.97

Mixed Forest

0.96

Deciduous Forest

0.95

Water

0.99

Notes: Modified from Lo and Quattrochi (2003).
Landcover Area and Temperatures
After surface temperature extraction, the relationship between the surface
temperature and different LULC classes were able to be determined. To do so, the area of
each LULC class was calculated, utilizing the Raster Attributes function within IMAGINE.
Simple statistics were found, such as the total percentage of each LULC class throughout the
study area, total number of acres of each class, and the LULC class area in square kilometers.
The average temperature for each LULC class was also found by clipping the derived
temperature image using each classified LULC class as an Area of Interest (AOI). Each AOI
was then used to create an individual temperature image, utilizing only the pixels of the
temperature image where the LULC class was located. The average temperature of each
LULC class could then be calculated from the individual temperature images. Comparisons
were then made to view temperature relationships between the different LULC classes. The
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vegetation class that exhibited the lowest temperatures was then used to determine the
relationship between vegetation coverage and surface temperature.

Temperature Transects
Temperature transects were drawn to profile temperature trends in multiple
directions through the center of each city to accomplish the objective of determining the
relationship between city size and the UHI. Each transect was drawn to include the most
surface area possible, similar to previous work performed by Weng et al., (2004) in their UHI
analysis. All temperature transects drawn in each city are shown in Figure 4.3. The same
temperature profile lines were also used to extract LULC classes as well. The LULC classes,
extracted from the transect AOI, were used to find the relationships between LULC and
temperature across the entire city limit area from the outer fringe to the center of the city.
The mean temperature for each study area city based on the derived temperature was also
used to monitor the total distance that each transect profile increased above the mean
temperature. The transect profile that rose above the mean value the most would indicate
that a certain profile included more HDU and LDU areas with higher temperatures. The
direction of highest temperatures within the city can be located, as well as the direction of
highest urban development.
.
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Temperature Transects Drawn for the three Study Area Cities of Starkville
(a), Birmingham (b), and Atlanta (c).
1 km x 1 km Image Subsets (Patches)

In order to accomplish the objective of determining the relationship between
vegetation coverage and surface temperature, 1 km x 1 km image subsets, or patches were
created throughout each study area city. Each patch was created as an AOI, then used to
subset the derived temperature image and LULC data for specific areas within the three
study area cities. A total of 54 patches, or individual images, were subset from the classified
images and from the extracted temperature images for each city. Each patch was visually
placed in random locations within areas of low vegetation coverage to determine the
relationships that small amounts of vegetation can have on the surface temperature. Patches
were also placed throughout areas of 50% or less vegetation coverage to determine the
relationships of temperature and vegetation throughout the highest areas of urban activity.
According to Huang et al (1990), tree canopy coverage exhibited the greatest
reduction of the surface temperature, with cooling of 5 ºC from urban areas without shade.
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Therefore, tree canopy coverage, or percentage of forest coverage from the eight emissivitybased LULC classes was used as the primary land cover class for vegetation and temperature
analysis. Deciduous, Mixed, and Evergreen forest classes were combined into one forest
class for the analysis. Statistics were gathered for each patch, including average temperature,
and the percentage of each LULC class within the 1 km2 area. About 1100 TM pixels were
present in each 1 km2 patch, and the percentage of each LULC class was calculated from the
total pixels belonging to each class. Statistics generated for LULC percentage and average
surface temperature were then graphed together to discover the relationships between
temperature and vegetation throughout a 1 km2 area. Comparisons were then made between
each city to determine the temperature decrease with forest coverage and to observe trends
across each study area city. Image subsets for each city are shown in Figures 4.5-4.7 that
identify the locations of each patch that were used in the analysis. A final flowchart of the
methodology used in the thesis that presents the thought process of achieving each objective
in the project is presented in Figure 4.6.
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Figure 4.4 Patch Locations for Forest Coverage Analysis for Birmingham, AL.
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Figure 4.5 Patch Locations for Forest Coverage Analysis for Atlanta, GA.
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CHAPTER V
RESULTS AND DISCUSSION

Analysis of the relationship between city size and vegetation coverage on the UHI
are included in this chapter. Findings based on unsupervised classification and surface
temperature extraction for the three study area cities will be presented. Patch investigation
results for the study area cities will also be presented to illustrate temperature profiles based
on percentage of vegetation coverage, specifically forest coverage.
Land Use and Land Cover Classification
Results from the 100 class unsupervised ISODATA classification revealed that each
city’s classification was fairly accurate. Class confusion did exist throughout each city,
mainly between exposed soil and very bright high-density urban buildings and rooftops.
Obvious classification errors were corrected using heads-up digitizing throughout the LULC
data. Overall accuracies ranged in the high 80% range. Accuracies and Kappa Statistics are
listed in Table 5.1, along with user’s and producer’s accuracy for all of the LULC classes.
Classification maps are included in Figures 5.1-5.3.
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Table 5.1

LULC Classification Accuracy, Average Producer’s and User’s Accuracy for
Each LULC Class, and Kappa Statistics for Each Study Area City
City

Overall
Accuracy
89.26%

Producer’s
Accuracy
90.91%

User’s
Accuracy
89.28%

Kappa Statistic

Birmingham, AL

89.17%

90.01%

89.16%

0.8762

Atlanta, GA

89.26%

90.66%

89.58%

0.8769

Starkville, MS

Figure 5.1 LULC Classification of Starkville, Mississippi

44

0.8769

Figure 5.2 LULC Classification of Birmingham, Alabama
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Figure 5.3 LULC Classification of Atlanta, Georgia
LULC category percentages varied throughout each city. Starkville consisted of
more crops and grassland areas (39.29%) due to a high agricultural influence throughout the
region. Birmingham consisted of more low-density urban areas (24.29%) due to most of the
city limit area surrounding the highly developed city center and the surrounding residential
areas. Atlanta consisted of more vegetation throughout the city limit, and mixed forest
consisted of the most coverage throughout (26.78%). All percentages of land use and land
cover classes from the unsupervised classification are listed in Table 5.2.
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Table 5.2 LULC Percentages for the Three Study Area Cities.
City

HDU%

LDU%

CEL%

CG%

Forest%

Water%

Starkville

8.19

14.46

2.65

39.29

34.87

0.54

Birmingham

17.84

24.29

1.46

13.93

42.21

0.27

Atlanta

13.33

20.39

0.85

9.35

55.63

0.45

Relationship between City Size and Surface Temperature
Results from the emissivity-corrected surface temperature maps allowed the
relationships between urban size and surface temperature to be investigated throughout the
three study area cities. Average temperatures throughout each city were compared, along
with the comparison of high-density urban land coverage and derived surface temperature
from temperature profiles.
Average surface temperatures for the cities of Starkville, Birmingham, and Atlanta
were 28.8 ºC, 28.4 ºC, and 25.8 ºC respectively. Analysis of the small city of Starkville,
Mississippi revealed that high-density urban land coverage was very sporadic, with residential
neighborhoods and embedded vegetation in close proximity. Although temperatures within
the high-density urban class averaged 31.21 ºC, these temperatures were present in very
small areas. Temperature transects and associated profiles revealed low distances of above
average temperatures due to the small size of the city and lack of HDU land use. Transect
C-D traverses the center of the city with the most HDU land use, and observed
temperatures were above the mean 83.7% of the time. For all profiles, 22.26 km were above
the average temperature of 28.8 °C, indicative of a lack of HDU land use and small city size.
The results of the temperature transects throughout Starkville are shown in Figure 5.4.
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5.97 km (53.7%)

28.8 °C

5.91 km (83.7%)
4.72 km (44.3%)

5.66 km (54.3%)

Figure 5.4 Derived Surface Temperature for Starkville, Mississippi with Associated
Temperature Profiles with Distances and Percentages of Each Transect Above
the Average Temperature
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Profiles for the City of Birmingham were much different than Starkville, with a large
area of high-density urban land use throughout the city center which has very low presence
of vegetation. Average surface temperatures throughout the study area were 28.4 °C.
Temperature profile distances above the average temperature ranged from 18.5 km on the
longest transect A-B to 8.2 km on transect C-D. The highest percentage of above average
temperatures were observed from transect G-H, which traverses the center of the city of
Birmingham, and contains the most HDU area. 84.7% of transect G-H contained above
average temperatures due to the increased HDU land use. 48.7 km of above average
temperatures were observed for all temperature profiles. Average temperatures of HDU
land use in the city were averaged at 32.12 ºC, presenting the size and temperature difference
as compared to Starkville. The results of the temperature transects throughout Birmingham
are shown in Figure 5.5.
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18.5 km (68.2%)

28.4 °C

8.2 km (60.3%)

13.1 km (74.4%)

8.9 km (84.7%)

Figure 5.5 Derived Surface Temperature for Birmingham, Alabama with Associated
Temperature Profiles with Distances and Percentages of Each Transect Above
the Average Temperature.
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The largest city of Atlanta, Georgia consists of vast areas of high-density urban land
use. Temperatures within the city were generally lower compared to the other study area
cities; however, rainfall and cloud cover from the day before satellite acquisition may have
resulted in limited heating ability throughout the entire city. Increased soil moisture content
can also decrease the heating of the natural surfaces in thermal imagery, as was reported in
X.-L. Chen et al (2006).
Although the decreased heating was a limiting factor with average surface
temperatures of 25.8 °C, several trends can be noted within the city that are considerably
different than Birmingham and Starkville. The amount of HDU land use is much larger,
with 72.59 km2 of land devoted to all high-density structures and buildings, including
interstate highways in the city of Atlanta. Birmingham and Starkville consisted of 51.88 km2
and 6.38 km2, respectively of HDU land use. The significantly larger HDU area is evident in
the temperature profiles made throughout the city from the individual transects (Figure 5.5).
Unlike the other two cities, each profile contained over 10 km of above average surface
temperatures. Profile A-B has the highest observed percentage above the average
temperature due to its transect line passing through the center of the city, outside suburbs,
and Hartsfield International Airport at the south end of the study area. The total distance of
all profiles over the average temperature of 25.8 °C was 55.59 km, which is much higher
than Starkville and Birmingham by a wide margin. The temperature profiles and the larger
area of above average surface temperatures in Atlanta illustrated a clear relationship between
total HDU area and surface temperature. The results of the temperature transects
throughout Atlanta are shown in Figure 5.6.
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19.75 km (71.1%)

25.8 °C

12.26 km (47.8%)

10.68 km (48.5%)

12.90 km (46.6%)

Figure 5.6 Derived Surface Temperature for Atlanta, Georgia with Associated Temperature
Profiles with Distances and Percentages of Each Transect Above the Average
Temperature.

52

Relationship between Vegetation Coverage and Surface Temperature
To identify the relationships between vegetated areas and surface temperatures,
surface temperatures were extracted for each land cover category throughout each study area
city before subsetting the 1 km2 patches. The average temperature found throughout each
LULC category assisted in understanding surface temperatures between vegetated and nonvegetated surfaces and for the categorization of each LULC class from warmest to coolest
throughout each city. In every case, HDU land use was associated with the highest
temperatures, with observed average temperatures of 31.21 ºC, 32.12 ºC, and 29.19 ºC for
Starkville, Birmingham, and Atlanta respectively. The lowest temperatures were observed in
the forest classes, with average temperatures of 25.71 ºC (Starkville), 25.32 ºC (Birmingham)
and 24.29 °C (Atlanta). Graphs of all three cities with LULC percentages and average
surface temperatures are shown in Figure 5.7. Each city exhibited a large decrease in surface
temperatures from HDU land use to forest land cover classes as seen on each graph. The
LULC classes are organized by the higher temperatures on the left to the lower temperatures
on the right. Temperature differences between the HDU land use class and the lowest
average temperature of the forest class in each city were 6.27 °C, 7.79 °C, and 6.22 °C for
Starkville, Birmingham, and Atlanta, respectively. Due to temperature differences between
urban and forest classes that were similar to those found by Huang et al. (1990), the forest
classes for each city were used for the 1 km2 patch investigation. Deciduous, Mixed, and
Evergreen forest classes were combined into one forest class due to their similarities in low
surface temperature. Analysis from 54 1 km x 1 km patches throughout the three cities
revealed the relationships between forest coverage and surface temperature on a multi-scale
level, from a small community to a bustling metropolis.
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Patch investigations revealed that contrary to previous assumptions, temperature did
not decrease continually with increasing forest coverage. Although surface temperatures
were inversely related to the forest percentage, each city revealed that distinct ranges of
forest coverage allowed temperatures to decrease. Other forest percentage ranges, however,
had almost no change in temperatures, or a temperature fluctuation occurred.
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Birmingham, AL Land Use Percentage and Avg. Temp
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Atlanta, GA Land Use Percentage and Avg. Temp
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Figure 5.7 LULC Percentages and Average Temperatures for All Cities.
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Analysis from the 1km2 patches for all cities revealed that temperatures decreased the
most with 7-15% forest coverage within a 1km2 area. Within the range of 15 to 25% of
forest coverage, temperatures changed very little and fluctuations occurred. After 30%
forest coverage, temperatures gradually began to decrease in each city as forest coverage
increased to 50%. Starkville, Mississippi exhibited the least amount of cooling for all three
cities and indicated that temperature differences between urban land use and forest land
cover were reduced due to the absence of vast expanses of high-density urban surfaces.
Birmingham and Atlanta had substantial decreases between urban land use and forest land
cover. Graphs of temperature with forest coverage for each city can be found in Figures
5.8-5.10.
The city of Starkville in Figure 5.8 had decreased temperatures within the first 10%
of forest coverage, then temperatures failed to decrease from 10 to 20% of forest coverage.
Gradual decreases in temperatures were observed above 20% as forest coverage increased to
50%. Birmingham in Figure 5.9 had similar trends to Starkville, with temperatures
substantially decreasing within the 5-15% forest percentage range. Observed temperatures
failed to decrease once again, within a specific range of 18-25% forest coverage. Gradual
decreases in temperature with some fluctuations were then observed as forest coverage
increased to 50% within 1km2. The city of Atlanta in Figure 5.10 continued the same trends
as Starkville and Birmingham, with specific forest coverage ranges of decreased
temperatures. The forest coverage range with the most decrease in temperatures are
observed within 5-18%. Shortly above 18%, temperatures failed to decrease between 18 and
28% forest coverage. Temperatures gradually decreased as was seen in Starkville and
Birmingham, as forest coverage increased to 50%.
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Starkville, Mississippi
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Figure 5.8 Surface Temperatures in Relation to Forest Coverage Percentages for Starkville,
MS.
Birmingham, Alabama
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Figure 5.9 Surface Temperatures in Relation to Forest Coverage Percentages for
Birmingham, AL.
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Atlanta, Georgia
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Figure 5.10 Surface Temperatures in Relation to Forest Coverage Percentages for Atlanta,
GA.
The relationship between vegetation coverage and the UHI effect was also analyzed
using the transects that were applied to each city to determine the relationship between city
size and the UHI in Section 5.3. Results of analysis of each transect validated the impact of
vegetation, specifically forest coverage, on the surface temperature. Transects that contained
the largest proportion of HDU area exhibited the highest average temperature, while those
that contained more forest coverage exhibited the lowest average temperature.
Observed temperatures from the Starkville transects in Table 5.3 presented the
impact of HDU land use on surface temperatures. Transect C-D with almost 41% HDU
land use raises the average temperature of the transect to well over 31 °C, as opposed to the
other transects which consist of mostly crops and grass and forest land cover. Transects
from Birmingham in Table 5.4 present the same temperature trends as Starkville. Transect
G-H, which passes over the center of the city, was observed to have a much higher average
temperature of 31.48 °C, as opposed to the more vegetated transects A-B and C-D. Higher
temperatures throughout HDU land use areas could also be clearly seen in Atlanta, as
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presented in Table 5.5. Transect A-B with 34.39% HDU area contained the highest average
temperature of 27.83 °C, as compared with Profile G-H, which contained 52.82% forest
coverage and an average temperature of 25.83 °C. Statistics from each profile are included
in Tables 5.3-5.5.
Table 5.3 Relationship between Surface Temperature Profiles and Land Cover
Classification for Starkville, MS.
Transect %HDU

%LDU

%CEL

%CG

%Forest

%Water

A-B

4.80

20.34

1.69

42.37

29.66

1.13

Avg.
Temp
28.94º C

C-D

40.97

29.52

4.85

11.01

12.34

1.32

31.34º C

E-F

13.69

20.83

1.19

24.70

39.58

0.0

28.52º C

G-H

2.23

20.82

0.37

46.10

30.48

0.0

29.40º C

Table 5.4 Relationship between Surface Temperature Profiles and Land Cover
Classification for Birmingham, AL.
Transect %HDU

%LDU

%CEL

%CG

%Forest

%Water

A-B

27.67

30.44

1.01

12.08

28.8

0.0

Avg.
Temp
29.73º C

C-D

33.42

20.21

0.78

10.88

34.46

0.26

29.17º C

E-F

34.35

32.42

7.90

10.00

15.32

0.0

30.63º C

G-H

45.48

33.97

0.82

3.84

15.90

0.0

31.48º C
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Table 5.5 Relationship between Surface Temperature Profiles and Land Cover
Classification for Atlanta, GA.
Transect %HDU

%LDU

%CEL

%CG

%Forest

%Water

A-B
C-D

34.39
17.49

20.92
24.25

0.77
0.48

11.61
9.05

32.2
48.73

0.0
0.0

Avg.
Temp
27.83º C
25.90º C

E-F

23.67

18.79

1.72

7.17

48.64

0.0

26.18º C

G-H

16.12

19.76

0.94

10.0

52.82

0.35

25.83º C

Overall, trends indicated a significant reduction in surface temperatures within the
first 15% of forest coverage within a 1 km2 area throughout each city. Overall findings
suggest that throughout multiple urban areas, temperatures can decrease at an average of
almost 2 ºC for each city with forest coverage up to 15%. Also, from the highest
temperatures recorded with no forest coverage, temperatures decreased the most for each
city with about 8-10% forest coverage, or a total of 0.08-0.10 kilometers. Results shown
indicate the impact of just a minimum amount of forest coverage necessary to significantly
reduce temperatures throughout an urban area.
Figure 5.11 illustrates the relationships between surface temperature and forest
coverage for each study area city, graphed together. Figure 5.12 also illustrates the
temperature trends for each city and highlights the three focused forest coverage ranges of
note. The first range, colored red, presents the most pronounced decrease of temperatures
from 7-15% forest coverage for Starkville, Birmingham, and Atlanta. The second range,
colored orange, illustrates the range of forest coverage from 17-27% where temperatures
remained the same or fluctuated. The third range, colored yellow, illustrates the forest
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coverage range from 30-50% of gradual decrease in surface temperature for each study area
city.

Starkville, Birmingham, and Atlanta Combined
Surface Temperature and Forest Coverage
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Figure 5.11 Graph of Surface Temperature and Forest Coverage for Starkville,
Birmingham, and Atlanta for All Patches.

Temperature and Forest Coverage:
Starkville, Birmingham, Atlanta
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Figure 5.12 Temperatures and Trendlines for All Study Area Cities in Relation to Forest
Coverage and the Three Forest Coverage Ranges of Interest.
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CHAPTER VI
SUMMARY AND CONCLUSIONS
Summary
The use of Landsat satellite data for classification of land use and land cover classes,
as well as the extraction of the surface temperature from the TIR band are extremely useful
tools for understanding and analyzing the UHI. Classification and temperature data also
allow vegetation analyses to be made to determine the impact of vegetation coverage on
surface temperature and to estimate the minimum vegetation amount necessary to
significantly reduce surface temperatures.
The primary objectives and hypotheses of this study were the following:
x

To find the relationship between city size and the UHI.
o Hypothesis: City size is directly related to the UHI intensity and surface
temperature throughout a city or community.

x

To find the relationship between vegetation coverage and the UHI.
o Hypothesis: Vegetation cover is inversely related to the surface
temperature in a linear fashion. As vegetation percentage increases, the
temperature decreases linearly in a continuous nature.
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Analysis of the UHI in Starkville, Mississippi; Birmingham, Alabama; and Atlanta,
Georgia revealed the relationships between city size and the UHI. Starkville consisted of
22.26 km of above average temperatures according to the four temperature profiles and
associated transects and 6.38 km2 of HDU land use. Birmingham exhibited 48.7 km of
above average temperatures with 51.88 km2 of HDU area. Atlanta’s temperatures were
above average for 55.59 kilometers and study area consisted of 72.59 km2 of HDU land use.
The relationships between above average temperatures and amount of HDU land use area is
therefore directly related to the city size. The hypothesis that city size is directly related to
the UHI intensity and surface temperature throughout a city or community is accepted.
Vegetation cover analysis, specifically forest coverage, for each study area city
presented the relationships between the amount of vegetation cover within a 1 km2 area and
the surface temperature. Contrary to previous assumptions, surface temperature did not
decrease continuously with increasing forest cover percentages within a 1 km2 area. Each
study area city exhibited three primary forest cover percentage ranges of interest. The first
percentage range dramatically reduced surface temperatures. The second range allowed
temperatures to remain the same or fluctuate. Finally, the final range decreased temperatures
gradually. On average, 7-15% forest coverage within a 1 km2 area decreased temperatures
throughout Starkville, Birmingham, and Atlanta by an average of 2 °C. Observed surface
temperatures failed to decrease within the forest coverage range of 17-27%, and decreased
gradually from 30-50%. Findings indicate that a small amount of forest coverage, according
to the Landsat imagery, can reduce surface temperatures within a 1 km2 area, regardless of
city size. The relationship between vegetation coverage and the surface temperature,
specifically forest coverage is very complex, with different forest coverage percentages
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decreasing surface temperatures more than other percentages. The hypothesis that
Vegetation cover is inversely related to the surface temperature in a continuous, linear
fashion is therefore rejected based on the 1 km2 patch analysis.
Conclusions
Limitations
Several limitations exist for this study, and exist for all studies involving the use of
remote sensing. First, the study performed is Landsat dependent. It is unknown whether
the same study performed in this thesis can be applied to other satellite sensors and produce
similar results. Next, there is a bias associated with the accuracy assessment values due to
visual interpretation methods used by the analyst. Accuracy assessment was performed
using subjective visual interpretation with no ground data to substantiate the visual
interpretation. The interpretation of the high resolution aerial imagery that was performed
in this study could be interpreted differently from another analyst who has not been
acquainted to the study area. More representative accuracy assessment percentages can be
achieved by using a second analyst to perform the accuracy assessment and taking an average
of the two analyst’s work. Another limitation with the study is the lack of quality Landsat 7
data with 60 meter thermal band resolution. Images from 1999 and 2000 were used in the
study due to an error that occurred on the Landsat 7 platform in 2003. A lack of cloud-free
images from 1999 to 2003 for the study area also limited the availability of good imagery for
UHI analysis. Although Landsat 5 data is still reliable today, the thermal band only has a
resolution of 120 meters, which greatly degrades the UHI analysis used in this investigation.
One final limitation is that the investigation is geared toward vegetation from the
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southeastern United States and native vegetation of the region. It is not known what the
relationships would be between vegetation cover and the UHI throughout different locations
within the U.S.
Future Studies
Several potential future studies could possibly be performed to improve the results
of this thesis. Use of higher resolution satellite imagery could improve LULC classification,
and lead to a better vegetation analysis with improved thermal resolutions. Future UHI
studies would also benefit from the acquisition of ground data and the use of a crossvalidation approach for accuracy assessment of the classified LULC data. Improved
classification techniques can also be applied for better analysis of urban surfaces using
Landsat data. Spectral Mixture Analysis techniques using mixed pixels to determine
abundance percentages (Wu, 2004; Lu and Weng, 2006; Yuan and Bauer, 2007) can achieve
higher classification accuracy, and lead to better understanding of urban materials and
vegetated surfaces related to the UHI. Another future study that can be performed is a
change detection analysis relating the change in LULC over time to the magnitude of the
UHI within a city. A series of four to six Landsat images can be used to determine the
change in the LULC percentages of a major city and the surrounding area and determine the
time period when the most change occurred. Relationships between the increase in HDU
and LDU land use classes to the UHI can also be made through the use of a time series
analysis.
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Implications
The results included in this thesis relating the impacts of city size and vegetation
coverage on the UHI can be used in a variety of ways to possibly improve mitigation
techniques within large and small cities. This research can be used by urban planners and
others interested in mitigation of the UHI as a potential monitoring tool that can
characterize relationships between the amount of urban tree cover and surface temperature.
The main goal of this study was to analyze the UHI of three different cities of different size
and determine surface temperature relationships between each city and the effects that
vegetation cover can have on those surface temperatures. As a result of this research,
understanding of the relationships between small and large cities and vegetation cover is able
to be achieved on the basis that surface temperatures can be reduced, regardless of city size.
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